Theory is presented to describe the effects of a single round of selection during a selfing programme in terms of both the mean and the genetical variance of the inbred lines produced. Response equations describing the effect on the inbred means are used to determine optimum breeding designs in a limited set of circumstances. These theoretical arguments are supported by computer simulations, and good agreement with expectation is found. The magnitude and direction of dominance is shown to be unimportant even in the case of early generation selection. A description of the reduction in genetic variance between selected lines is also presented and supported by simulation. Unlike the effects described by Bulmer in outbreeding populations, this reduction is fixed during a selfing programme. The simulation studies show that the additional variance generated by further segregation after selection may also be affected by selection, but the assumption that it is unaffected is found to be adequate.
INTRODUCTION
Selection theory of quantitatively inherited characters has been developed to deal with outbreeding populations of various kinds (Falconer, 1981) and has been applied to a range of plant breeding programme designs, (see for example Hallauer and Miranda, 1981) . Equations allow theoretical comparisons to be made between the responses expected from different designs of breeding programme and can also be used to predict the response a breeder is likely to obtain in practice. The theory, however, has been less extensively developed in the context of the selfing programmes commonly used to breed recombinant inbred lines of autogamous species, even though many major crop species are bred in this manner. In the absence of such a theoretical framework it is possible that many breeders of autogamous crop species fail to exploit fully the genetic variance available to them, because their resources are not allocated in the most efficient manner to the various stages of their breeding programmes.
This paper describes a theoretical study of the effects of a single round of selection at any generation during a selfing programme on both the mean and the genetical variance of the resultant inbred lines. The effect on the means of later generations has also been considered by others (Wricke and Weber, 1986) . The effect of selection on the genetical variance has, however, only been examined in the context of outbreeding populations (Bulmer 1971 (Bulmer , 1976 . Selection during selfing presents a slightly different problem. In order to achieve an initial examination of these theoretical problems it has been necessary to consider a simplified selfing programme.
THEORY

Selection responses
In its simplest form, a selfing programme with a single round of selection can be described as follows. An initial cross is made between two inbred parents. Generations are then derived by single seed descent from the F2, and selection for a single quantitative character is by truncation on the basis of individual scores in the F2, or of family means in later generations. Following a single round of selection, lines derived from the selected individuals or from randomly chosen members of the selected families are descended by single seed descent to F, when the inbred lines are assessed. In this case the response differential, R, represents the difference between the mean of the inbreds produced by selection and the mean of the F generation produced without selection. For simplicity I have assumed that environmental effects are constant over generations, that genotypes do not interact with environments, and that the character can be assessed on individual plants without the need for plots.
Given these simplifying assumptions the response to selection in the F2 takes the standard form:
where i is the selection intensity, hN2 is the narrow heritability of F2 individuals and &, is the phenotypic standard deviation of the F2. Using the notation of Mather and Jinks (1982) this can be written as follows in the absence of epistasis: R F2 D+H+E)hI2 Snape and Simpson (1984) present effectively the same equation with the inclusion of epistatic components. The response equations for family selection in later generations require the heritability and the phenotypic standard deviation appropriate to the families under selection. The denominator of the heritability is the phenotypic variance of the family means and, therefore, contains both rank 1 and rank 2 components. The numerator is the covariance between family means and the F. generation. It also contains rank 1 and rank 2 components and can be seen to consist of the additive genetic components of the denominator. Thus the appropriate heritability of the F3 family means is h2 -
where n is the family size. This gives the response equation in the absence of epistasis:
Similarly, the response to selection of F4 families derived from different F2 plants is -.
D+(1/n)(D)
RF4-I ID+H+(1/n)(D+iH+E)1"2 or in general terms for the Nth generation
Effects on the genetic variance Bulmer (1971) described the reduction in genetic variation in a randomly mating population following selection, which results from the linkage disequilibrium created by the selection. If the resultant population is then randomly mated without further selection, the variation is gradually restored to its original equilibrium value, assuming that the number of effective factors is infinite; the disequilibrium is halved in each generation in the absence of linkage. A similar reduction in genetic variation is to be expected from selection during a conventional selfing series from an F1. In this case, however, no restoration takes place if selection is relaxed, because there is no random mating to reduce the disequilibrium. Instead the reduction in variation is inherited by all subsequent selfed generations, and further rounds of selection will reduce the genetic variation even further. Additional variation will however be created by further segregation during the selfing series.
These effects can be quantified by considering the simplified selfing programme described above. For example, consider the effect that selection in the F2 generation has on the genetical variance of the subsequent F generation. Call the additive genetic variance between the F2 individuals A (D in the notation of Mather and Jinks (1982) in the absence of epistasis), and the phenotypic variance of the F2, Vi,. Following Bulmer's (1971) The effect that selection has on the phenotypic variance of the selected F2 individuals is given by dV=-i(i-x)V (Cochran, 1951) where i is the intensity of selection, and x is the standardised deviation of the point of truncation from the mean of the selected generation. The variance between the inbreds after selection therefore becomes
=D-h2i(i-x)D. Following F2 selection, the reduction in genetic variance appears in the inbreds as a reduction in the rank 1 variance, as defined by Mather and Jinks (1982) , i.e. that portion of the variance which relates directly to the additive genetic variance of the F2 generation (D). For simplicitly this reduction has been considered in the generation, but the same reduction would be expected in the rank 1 variance in the F3 generation onwards. The remainder of the genetic variance of the inbreds (D), that results from further segregation from the F2 onwards, will be affected if the frequency of heterozygous loci is changed by selection. This effect has been assumed to be negligible in the case of selection in outbreeding populations (Falconer, 1981) and the same assumption will, for the time being, be made here. However, the validity of this assumption will be examined by simulation later in this paper.
This approach can also be applied to the selection of family means in later generations. In this case VA and V, refer to the additive genetic variance and the phenotypic variance of the family means, respectively, in the selected generation, these being the numerator and denominator of the appropriate heritability as described above. The reduction in variance again appears in subsequent generations in that portion of the total variance that relates to the variance between the selected families: additional variance generated by further segregation can again be assumed to be unaffected. If one or more rounds of selection have also been applied to earlier generations, then the expected reductions in A, v, and h2 must be taken into account before the effects of later selection can be calculated. SIMULATION 
RESULTS
Effect on the F7 mean
Computer simulations provide a method of assessing the validity of response equations in the presence of realistic error variation and allow the investigation of additional complications that cannot easily be included in the deterministic approach. The program used here represents individual alleles of the genes controlling a quantitative character by binary digits. Using a pseudorandom number generator and bit-handling routines, segregation and recombination were simulated. The diploid genotypes generated were assigned genotypic scores according to the input values of additive and dominance effects. Environmental effects were simulated by a pseudo-random number generator which sampled a normal distribution. Although the response equations include a component of dominance variation, they fail to take into account the additional influence of directional dominance effects. This can be best investigated by simulation. Two forms of dominance variation were simulated by adding dominance variation to the character described above; these were complete, positive dominance at all loci (h = d) or complete, negative dominance at all loci (h = -d).
As is to be expected, because selection here was for increasing expression, complete positive dominance reduced the response observed, whilst complete negative dominance increased it. This effect was greatest when selection was most In all cases 20 independent genes of equal effect controlled a character with a narrow heritability of 05. Complete positive dominance, completely negative dominance and no dominance were simulated. The curves represent the expected responses.
intense, and was greater in the F2 than the F3. The average effects of even these extreme forms of dominance were not, however, large when compared with the expected response. By interpolation the effects of partial or ambidirectional dominance will be even less important.
Effect on the genetic variance in the F7
The simulations described above were also used to examine the effect of F2 and F3 selection on the genetical variances of the resultant inbred lines.
Ten F7 individuals were derived from each selected F2 individual or from each selected F3 family, by single seed descent. The inbreds were assessed without environmental error. This, therefore, permitted the genetic variation in the F7 generation to be partitioned into a between F2 parents item (the rank 1 variance) and a within F2 parents item; the two components of the expected mean squares were then estimated for each set of data. These will be referred to as the between groups and the the observed variances were reduced slightly at higher selection intensities. Compared with the errors on variances in practice these biases are small and are only likely to be observed in a theoretical study using highly repeated simulations. The effects of selection on the variances in the generation following selection were also studied and similar agreements with expected were found.
In figs 4 and 5 responses to selection of the within group variances can be seen. These are also expressed as a proportion of the value expected in the absence of selection, D, which is represented by the horizontal axis. In both cases the additive genetic character controlled by 20 genes followed the horizontal axis closely, except at higher selection intensities when a small reduction in variance was found. This effect became more marked as the number of genes fell. This can be interpreted as revealing a tendency for slightly fewer heterozygotes to be selected than would be expected in the absence of selection. Complete, positive dominance led to an increase in the within group variance as selection increased the frequency of heterozygotes a little; negative dominance produced the opposite effect. Biases caused by complete dominance were more important in the F2 than the F3, as is to be expected, but reducing the number of genes had a greater effect following F3 selection. Biases caused by partial dominance will be smaller than those observed here, whilst ambidirectional dominance will produce no overall effect.
OPTIMUM DESIGNS
Response equations can be used to compare different designs of breeding programme and when all possible designs are examined, within a defined set of circumstances, the optimum design, that which maximizes the expected final response, can be determined. In the case of single-stage selection programmes, for a given character and a given number of plants, an optimum design can be determined for selection at each generation. This permits a comparison of the effectiveness of selection at each generation, and will also allow single-stage selection designs to be compared with optimum SELECTION DURING A SELFING PROGRAMME. I .
multi-stage designs that utilize the same resources (see following paper).
To illustrate the approach taken, consider the simplified selfing programme described above. If we impose a maximum limit of 1000 plants in the selected generation, and we aim to generate a single inbred (F7) line from a single round of selection, then the optimum design for F2 selection is fixed: the best approach is to derive the inbred line from the highest scoring of 100 F2 plants. In later generations a number of different designs are possible, differing in the number of families and the number of individuals per family in the selected generation (assuming all families to be of equal size in each generation). The optimum design is dependent upon the properties of the character under selection, particularly the F2 narrow heritability and, in the absence of dominance and epistasis, will depend entirely on this narrow heritability. A cornputer program, incorporating the appropriate response equations, was used to calculate the expected responses from all possible designs within the limitations imposed, and thus to determine the optimum designs at each generation for a range of narrow heritabilities. For simplicity, dominance and epistasis were assumed to be absent. The selection intensity, i, used in these equations was obtained from tables from Harter (1961) when selection was from a population of 100 or less and from Burrows' (1972) approximation when the population was greater than 100.
The optimum designs for single-stage selection from generation F2 to F6 with 1000 plants in the selected generation are presented in table 1, as the top line within each category. The expected result is expressed as a standardized response. As is to be expected, the optimum response decreases as the heritability decreases, and increases as homozygosity increases. As Pooni and Jinks (1985) concluded, the benefits of delaying selection are greater for characters of low heritability. Large families are only of value when the heritability is low and individual selection is preferable to family selection in the F3 and F4 generations when the heritability is high.
It can, however, be argued that these comparisons between generations are unfair. For example, selection of 1000 F4 families would also require 1000 F2 plants and 1000 F3 plants to be grown. Such a programme would therefore require three times the number of plants required by the F2 selection programme. An alternative approach is to include within the limit of 1000 plants all the plants required, from generations F2 to F6 inclusive to produce a single F7 line. In this case the optimum F2 design requires the selection of the best plant from 996 F2 plants, the remaining four being used to descend the selected line to F7. These new optimum designs are shown as the second line within each category in table 1. Taking into account plants in the unselected generations alters the optimum designs in many cases, but reduces the expected responses only slightly. In table 2 the expected responses for each generation are compared with the responses from selection in the F6, which can be considered to represent the optimum single seed descent programme. In this very simplified example, early generation selection can be expected to give a reasonable response when the heritability is high, but delaying selection until the F6 gives only a small improvement over the F4 or F6 unless the heritability is very low.
It is also informative to investigate these optimum designs by simulation. Table 3 shows the of the 20 genes were on average fixed for the increasing allele. Table 3 also shows the effect on the final response of reducing the number of genes, k, controlling the character, whilst holding the total genetic variation constant. As k was reduced the observed response fell, although the effect was relatively small. When epistasis was added to the character, on the other hand, a marked departure from expected was observed. In the cases simulated, a relatively small amount of epistasis The mean and variance of the observed standardized responses are given along with the average number of genes fixed for the increasing allele, and the average number of heterozygous genes. The five characters are described in the text.
between homozygous loci (I/(D+I)-00l) was distributed equally across all pairwise combinations of 20 unlinked genes. Whilst the epistatic variance was small, this kind of epistasis, nevertheless, generated considerable skewness amongst the inbred lines being selected: this led to a better response than expected with complementary epistasis (+ i), but a worse response than expected with duplicate epistasis (-i).
DISCUSSION
In order to compare different kinds of selection it is necessary, first, to determine the most efficient form of each kind of selection in a given set of circumstances. A fair comparison can then be made between the different optimum designs. This has been achieved here for a set of simplified cases. The effectiveness of selection in early and later generations of a selfing programme, which has been discussed in the literature (Weber, 1984; Jinks and Pooni, 1981) , has been quantified and compared. It can be seen that, given the simplifying assumptions described, early generation selection The value of using computer simulations to supplement deterministic theory is illustrated by the study of the effects of directional dominance, which cannot be predicted from the response equations. The two forms of dominance simulated produced deviations in the mean response in the expected direction. Even following extreme selection in the F2, these deviations were relatively small compared with the sampling error. These deviations will become even less important at heritabilities lower than the 05 simulated here and when dominance is less than complete or is ambidirectional. These results reveal that it is the high degree of heterozygosity in the early generations, rather than the expression of dominance, that leads to a reduced response compared with later generations.
Simulations were also used to investigate the importance of the number of independent genes controlling a character. When this number was reduced from 20 to 5, a small reduction in the average response was observed from the most effective selection programmes. When so few genes were segregating and the heritability was 05, the optimum design in table 1 fixed increasing alleles at all five loci 82 per cent of the time. If a character is segregating at only a few loci the result expected from an effective selection programme may be greater than the mean of the best possible inbred line. In contrast, when 20 genes were simulated the best possible inbred was not obtained.
Epistasis can generate non-normality in the distribution of inbred lines, particularly in the form of skewness (Pooni, Jinks and Cornish, 1977) .
Complementary epistasis (+i) generates positive skewness, so that when selecting amongst F6 families for increasing expression one is selecting in the elongated upper tail of the distribution.
Because selection theory assumes normality, one is likely to select, from this tail, individuals more extreme than expected, and therefore observe a better response than expected. This was revealed by simulations, which also showed that the converse is true with duplicate epistasis.
Turning now to the effect of selection on genetic variances, it is clear that the adaptation of Bulmer's approach provided a satisfactory description of the main source of variance reduction in the simu-SELECTION DURING A SELFING PROGRAMME. I 211 lated selection programme. The additive genetic variation between the individuals or families under selection was reduced considerably by effective selection. Furthermore, unlike that in outbreeding programmes, this reduction was not restored during the selfing series but was inherited by subsequent generations. The five quantitative characters that were simulated behaved in a very similar manner.
The computer simulations were particularly valuable in revealing the effect selection had on genetic variation generated by segregation in selected individuals and their progeny. When complete, unidirectional dominance was acting in the same direction as selection, there was a tendency in the early generations to select individuals and families which were slightly more heterozygous than would be expected in the absence of selection and this tended to inflate the additional variation produced by segregation. When the number of effective factors was small, or when selection was for the recessive character, then intense selection was at the expense of heterozygotes, so that the new variance generated was reduced. When, however, selection was less intense and, hence, less effective in the early generations, when dominance was in the direction of the selection applied, or when the number of effective factors was not small, the biases from this source were relatively minor compared with the predictable reduction in genetic variation between the selected families. Furthermore, in later generations the contribution made by the additional variance generated by segregation to the total genetic variation declines considerably. Thus, for most characters the theory presented described the major part of the reduction in genetic variation resulting from selection under these circumstances. As in the case of outbreeding programmes, it may be adequate to assume that the variance generated by further segregation is unaffected by selection.
The programmes designed and simulated here are, of course, very simplified. Many of the complications that a plant breeder faces in practice have been omitted in order to achieve the objectives of this preliminary study of selection theory.
Nevertheless, the results show that the response to a single round of simulated selection can be predicted, and that an approximate description of the reduction in genetic variance as a result of selection is possible. Experimental evidence is, of course, required from a range of species to determine whether these effects are found in practice.
